Vector-boson scattering (VBS) processes provide particularly promising means for probing the mechanism of electroweak symmetry breaking and to search for new physics in the weak sector. In the environment of a future proton-proton collider operating at a center-of-mass energy of 100 TeV, unprecedented opportunities arise for the investigation of this important class of reactions. We highlight the prominent features of VBS processes in this energy regime and discuss how the VBS signal can be isolated in the presence of a priori large QCD backgrounds. We find excellent opportunities for the analysis of VBS reactions in a kinematic range that is inaccessible to present colliders.
Introduction
With the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) by the ATLAS [1] and CMS collaborations [2] particle physics has entered a new era. However, with the existence of the last missing building block of the Standard Model (SM) being experimentally confirmed, understanding the very mechanism responsible for electroweak symmetry breaking still requires advanced efforts. Complementary to approaches seeking to probe the form of the Higgs potential via measurements of triple and quartic selfinteractions of the Higgs boson in processes that are plagued by low event rates and large backgrounds [3] [4] [5] [6] [7] [8] [9] , weak boson scattering reactions provide promising means to explore the electroweak sector of the SM in an experimentally more easily accessible regime [10] [11] [12] . Weak boson scattering processes, i.e. the genuine 2 → 2 scattering processes V V → V V (with V denoting a W ± or a Z gauge boson), are particularly sensitive to new physics in the electroweak gauge boson sector. For instance, in the absence of a light Higgs boson, the amplitudes for the scattering of the longitudinal gauge boson modes, V L V L → V L V L , would grow unphysically with energy, giving rise to unitarity violations in the TeV regime. Alternatively, new resonances in the weak sector, such as a Z ′ boson, could result in prominent peaks in the invariant mass of the final-state V V system. Since so far no explicit deviations of the SM have been observed experimentally in the weak sector, one expects new physics effects either to be very strongly suppressed or to become visible only in energy regimes that have not been accessible experimentally so far.
At hadron colliders, weak vector-boson scattering (VBS) processes are probed via the scattering of quarks or anti-quarks by the exchange of weak bosons in the t-channel followed by subsequent emission of weak bosons, i.e. purely electroweak reactions of the type→ qqV V . The weak gauge bosons in turn decay, either leptonically or hadronically. Because of the color-singlet nature of the weak-boson exchange in these reactions, VBS processes exhibit particularly distinctive features in the detector, the scattered quarks giving rise to two tagging jets in the forward and backward regions, while the decay products of the weak bosons are located in the central-rapidity region. A fairly small scattering angle of those very energetic tagging jets is reflected in their large invariant mass and rather moderate transverse momenta. These characteristics are essential in distinguishing the signal of interest from a priori very large contributions of QCD-induced background processes. Strategies for optimizing signal-to-background ratios for VBS processes at the LHC have been explored in detail, resulting in the first observation of a VBS signal in the W + W + jj mode by the ATLAS [13] and CMS collaborations [14] at a center-of-mass energy of √ s = 8 TeV. While only very loose exclusion bounds on new physics effects in the weak sector could be placed with the limited event rates accessible at 8 TeV, stronger bounds are expected from data taken at the higher energy of 13 TeV in LHC Run II. Much more powerful means for probing VBS processes would be provided, however, by a future high-energy hadron collider operating at an energy of 100 TeV, such as a Future Circular Collider (FCC) currently discussed as a follow-up project of the CERN LHC, or a Chinese Super proton-proton Collider (SppC) 1 . In order to explore the physics capabilities of such a machine, in [15] we have performed a preliminary study of VBS processes in the presence of background reactions at the FCC. A related analysis was performed in Ref. [16] . Here, we go beyond that work and present a detailed signal-background analysis for VBS processes taking into account the following production modes: W + W + jj, W + Zjj, W + W − jj, and ZZjj. In all cases leptonic decays of both gauge bosons are considered. Moreover, spin correlations of the decay products, finite width as well as off-shell effects of gauge bosons in the signal and background processes are fully included.
The paper is organized as follows: The general setup of our analysis is described in Sec. 2. A generic way for the parameterization of new physics effects as provided by an effective field theory expansion is presented in Sec. 3. In Sec. 4 for each mode we devise a set of customized cuts to optimize the signal in the presence of QCD-induced V V jj backgrounds. In the case of pp → W + W − jj production, in addition to the QCD induced pp → W + W − jj process contributions from the overwhelming tt background processes are considered. Here additional techniques are applied to suppress this background in order to improve the signal-to-background ratio. Our conclusions are presented in Sec. 5.
Setup of the analysis
Throughout this analysis, for each pp → V V jj VBS process and its associated QCD backgrounds we focus on a particular decay mode with a clean experimental signature. We assume that each weak boson V decays leptonically and we consider decays of the V V systems only into two different generations of leptons. For instance, for the VBS-induced W + W + jj production mode we consider the ν e e + ν µ µ + jj final state at O(α 6 ). Other lepton combinations in the final state (such as ν e e + ν e e + and ν µ µ + ν µ µ + ) can be obtained thereof straightforwardly, as long as same-type lepton interference effects are neglected. These interference effects are completely negligible, in particular in the kinematic range we are interested in, with large invariant masses of the four-lepton system that disfavor sametype lepton interference configurations. The cross section summed over different lepton flavors (ℓ = e, µ) can be obtained by multiplying the result for a single leptonic flavor channel with a suitable combinatorial factor. Off-shell and non-resonant contributions of the gauge bosons are fully taken into account. For simplicity, we nonetheless refer to the respective process as "V V jj production", implicitly assuming that decays of the weak bosons are taken into account. Identical-flavor interference effects between t-and u-channel diagrams are neglected for all signal processes. Triple gauge-boson production processes of the type pp → V V V with subsequent decay of a weak boson into a pair of jets are assumed to be part of a different reaction and not considered here. Even though such processes in principle give rise to the same final state as VBS processes, they exhibit entirely different kinematic properties and can be safely neglected after the application of VBS specific selection cuts. The Cabibbo-Kobayashi-Maskawa (CKM) mixing of the quark generations is neglected, i.e. a diagonal form is assumed for the CKM matrix, since mixing within the first two generations cancels exactly within the t-channel approximation as no charm tagging is attempted. For all V V jj processes, contributions from external top or bottom quarks are regarded as separate processes not to be considered here.
For the QCD background processes all Feynman diagrams that result in the specified final state at O(α 2 s α 4 ) are accounted for with all interference effects as well as non-zero gauge boson width effects. We shall refer to these processes as "V V jj QCD production". In the same way we proceed for background processes with top-quarks. We consider tt, ttj and ttjj production, respectively, at O(α
. We include all double-, single-and non-resonant diagrams, interference effects as well as off-shell effects of the top quarks. Additionally, non-resonant and off-shell effects due to the finite W -boson width are taken into account. We always combine these three background processes into the "tt + jets" sample. We note here that for all top-quark processes massive final-state bottom quarks will be considered. Calculations for all signal and background processes are performed at the leading order (LO).
The numerical simulations that form the basis of our discussion below make use of the Vbfnlo package [17] for the VBS signal processes. All background processes are computed with the Helac-Dipoles package [18] and cross-checked with the HelacPhegas Monte-Carlo program [19] . Both the Helac-Dipoles and Helac-Phegas programs use for the calculation of scattering amplitudes an automatic off-shell iterative algorithm [20] [21] [22] . For the phase-space integration, Phegas [23] in conjunction with Parni [24] as well as Kaleu [25] have been employed.
In order to warrant the correctness of our results we have cross-checked HelacDipoles results with Vbfnlo for all processes that are implemented in the Vbfnlo program. In each case we found full agreement for cross sections and distributions within the numerical accuracy of the two codes.
Throughout 
Further electroweak (EW) parameters such as the EW coupling α and the weak mixing angle sin θ W are computed in the G µ scheme with the Fermi constant G F = 1.1663787 × 10 −5 GeV −2 . The mass and width of the top quark are set to
For the parton distribution functions (PDFs) of the proton, we use the MMHT2014lo68cl set [26] for all electroweak and QCD-induced V V jj processes. For tt + jets production the MMHT2014lo68cl − nf4 PDF set is used instead. Consequently, in the former case we use the so called five-flavor-scheme, whereas, in the latter we employed the so-called four-flavor scheme with only gluons and light-flavor quarks in the proton, where massive bottom quarks are produced from gluon splitting at short distances. The mass of the bottom quark is set to m b = 4.75 GeV .
The associated strong coupling α s running at one loop is provided by the LHAPDF repository [27] . The factorization and renormalization scales, µ F and µ R , are set process-specifically: The VBS signal processes pp → V V jj with fully leptonic decays are of the order of O(α 6 ). The leading order VBS results are, thus, independent of µ R . For µ F , we use the momentum transfer Q i of the incoming to the outgoing (anti-)quark on the upper and lower fermion lines, respectively,
For the QCD-induced V V jj production processes, which are of the order of O(α 2 s α 4 ), the total transverse energy H In the following sections we will derive dedicated selection cuts for each VBS process. However, a common set of minimal selection cuts will be applied in each case: In order to reconstruct jets from partons, we use the anti-k T jet algorithm [28] with R = 0.4. We require at least two jets. The two hardest jets of each event are called "tagging jets" and need to have a minimum transverse momentum of
The two tagging jets are also required to reside in opposite hemispheres of the detector,
Charged leptons need to fulfill cuts on transverse momenta, rapidities, and be well separated from any jet in the rapidity-azimuthal angle plane,
A very powerful tool for the suppression of background processes is provided by requiring that all charged leptons are located between the two tagging jets in rapidity
To suppress contributions from virtual photons, γ * → ℓ + ℓ − , we furthermore impose the minimal invariant-mass cut on oppositely charged (same flavor) leptons, that occur in both ZZjj and W ± Zjj processes. Thus, in these channels we require
3 Effective field theory expansion A generic way for the parameterization of new physics effects is provided by an effective field theory (EFT) expansion. Such an effective theory can be constructed as a low-energy approximation of a more fundamental theory, and it is valid only up to a specific energy scale Λ. The Lagrangian of an EFT is typically expressed in terms of the SM Lagrangian and additional terms including operators O
denoting the coefficients of the expansion. As long as an energy regime far below the breakdown scale Λ of the EFT expansion is considered, the non-SM part of the EFT expansion is dominated by the lowest relevant terms, i.e. contributions due to operators of dimension six and eight.
Since dimension-six operators affect quartic as well as triple gauge boson couplings, they can most conveniently be probed in gauge-boson pair production processes that exhibit the respective triple-gauge boson vertices. The dimension-eight operators below, instead, do not have any impact on triple but only on quartic gauge boson couplings that emerge in triple-vector boson production and VBS reactions. The experimentally clean VBS processes thus represent a particularly important test bed for this class of new-physics contributions (see, e.g. Ref. [29] for a recent review). In the present study, we therefore consider the impact of new physics on VBS processes in the EFT approach that is due to CP conserving operators of dimension eight that modify quartic weak gauge boson couplings. Following the notation of Refs. [30] [31] [32] , we consider a set of representative dimension-eight operators, O 
with the associated coefficients f S,1 /Λ 4 , f M,1 /Λ 4 , and f T,0 /Λ 4 . To simplify the notation we drop the dimensionality index (d = 8) here and in the following. The considered operators contain the Higgs-doublet field Φ, the covariant derivative D µ , and the fieldstrength tensor W µν , defined as
with the U(1) and SU(2) gauge fields B µ and W µ , the associated couplings g ′ and g, the weak isospin matrices τ I , andŴ
By construction, the EFT approach is valid only in a restricted energy regime. If the EFT expansion is truncated, unphysical violations of unitarity may occur beyond some scale Λ U . Such unitarity violations can be avoided, if the EFT is restricted to the region where it is fully valid. Practically, this can be achieved by form factors that suppress EFT contributions above scales where the EFT expansion is supposed to loose its applicability. In the code package Vbfnlo the impact of dimension-six and dimension-eight operators on VBS processes is explicitly accounted for. The user can set the relevant operator coefficients to customized values. In order to maintain unitarity, a form factor
can be applied, where M V V denotes the invariant mass of the produced V bosons in V V jj reactions. Note that Λ F ≤ Λ U , and Λ F is related to Λ, but not necessarily identical.
Signal and background processes
In order to fully exploit the capabilities of a future 100 TeV proton-proton collider for the analysis of VBS processes, optimized selection cuts for each specific final state need to be devised. In the following, we present process-specific selection criteria for various VBS channels and discuss the behavior of signal and background contributions for characteristic kinematic distributions.
W
The same-sign diboson-plus-dijet final state, pp → W + W + jj, provides a particularly clean signature in the fully leptonic decay mode, as the only irreducible background in the ν e e + ν µ µ + jj channel comprises the QCD-induced W + W + jj production process. In contrast to other VBS channels that receive large background contributions from gluoninduced QCD processes, same-sign diboson production can only proceed via the scattering of (anti-)quarks of proper type to ensure the conservation of electromagnetic charge throughout the reaction. In the next-to-leading-order QCD analysis of [33] it was shown that with VBS-specific selection cuts a signal-to-background (S/B) ratio of about 27 could be achieved at the LHC operating at an energy of 7 TeV. This ratio seems remarkable at first sight, if one naively assumes the size of the respective EW and QCD cross sections to be determined by the relevant orders of the strong and electromagnetic couplings that themselves differ by roughly one order of magnitude. Upon closer inspection it becomes clear that the inclusive cross section for the QCD-induced ν e e + ν µ µ + jj final state indeed exceeds the EW one by about a factor of 1.7. However, the very distinct kinematic properties of the VBS production mode allow the efficient suppression of the QCD background contributions with a dedicated set of selection cuts that diminish the rate of signal events only marginally, resulting in the large S/B ratio reported above. At higher collider energies, the production rate for the EW signal process increases slightly faster than the production rate for the QCD background, as depicted in Fig. 1 . We will see below that an approach similar to the strategy applied at the 7 TeV LHC can be used for higher center-of-mass energies yielding even better S/B ratios at a 100 TeV collider.
To illustrate the capability of selection cuts in the environment of an FCC, focusing on a fully inclusive setup (i.e. not imposing any selection cuts) in Fig. 2 we present two distributions that exhibit particularly distinctive shapes in VBS-induced processes: the invariant mass M jj of the tagging jets' system and the rapidity separation of the two tagging jets, ∆y jj . While in QCD-induced W + W + jj processes the two jets are mostly produced with a small invariant mass and close to each other in rapidity, the color-singlet nature of the weak-boson exchange, which is characteristic for VBS processes, gives rise to a dijet system of large invariant mass with a substantial separation in rapidity. This feature can be exploited for the design of powerful selection cuts. It can be easily seen from Fig. 2 ∆y jj = 5. On the other hand, a steep rise of the invariant mass distribution towards small values of M jj can be observed in case of the QCD induced W + W + jj production process, where the VBS contribution is no longer dominant. Suitable cuts on M jj and ∆y jj diminish the signal cross section only marginally, at the same time removing a large fraction of the QCD-induced background contribution. Indeed, by imposing the following process-specific selection cuts,
in addition to the generic cuts of Eqs. (11)- (14) we obtain cross sections of σ S = 49.34 fb for the signal process and σ B = 1.68 fb for the background process, resulting in the S/B ratio of about 30, similar to what was reported in [33] for the case of the LHC operating at 7 TeV. Figure 3 shows the invariant mass and rapidity separation of the tagging jet system within the selection cuts of Eqs. (11)- (14) and Eq. (24) . New physics in the weak sector is expected to affect not only the shape of distributions related to the weak bosons in V V jj processes, but also differential distributions of the tagging jets that are the tell-tale signature of VBS reactions at hadron colliders. In particular the tails of invariant-mass and transverse-momentum distributions of finalstate leptons and tagging jets are sensitive to physics beyond the SM (BSM). At the FCC, such observables are accessible up to much higher scales than at the LHC. Our study in [15] revealed, for instance, that even at scales far above 1 TeV, several signal events are to be expected for an integrated luminosity of 30 fb −1 . In the W + W + jj channel, after VBS-specific selection cuts are applied the QCD background contributions amount to only about 3% of the EW signal and thus have little impact on the relevant distributions, as we demonstrate explicitly for selected observables: Figure 4 shows the transverse-momentum and the rapidity distributions of the hardest tagging jet, while [fb] ) and rapidity distribution of the hardest tagging jet (r.h.s) for the EW-induced (red lines) and QCD-induced (blue lines) contributions to pp → ν e e + ν µ µ + jj, within the selection cuts of Eqs. (11)- (14) and Eq. (24) .
VBS setup dσ dp T µ + fb GeV (11)- (14) and Eq. (24).
Fig . 5 illustrates the respective distributions of the muon. The transverse-momentum distribution of the hardest tagging jet in the EW signal process exhibits a peak at about 170 GeV, while the QCD contribution tends to produce slightly softer jets. The tagging jets produced in the QCD mode typically are located at smaller rapidities than in the EW signal process where peaks in dσ/dy j 1 occur at values as large as ±4. The muon distributions are less distinctive, as the leptons are mostly located at central rapidities in both production modes. For narrowing down new physics searches in the weak sector, it may be useful to consider a particular mass range of the invariant diboson system. In the ν e e + ν µ µ + jj channel, however, the invariant mass of the W + W + system is not fully reconstructible experimentally, because of the presence of two neutrinos. In this case, the transverse mass M T W W of the final state system consisting of two charged leptons and missing transverse momentum in the detector, can be considered instead. It is defined as
with
where, p ℓℓ T denotes the transverse momentum of the charged-lepton system, and p miss T is the total transverse momentum of the neutrino system. The missing transverse momentum is shown together with the transverse-mass distribution of the lepton-neutrino system for pp → ν e e + ν µ µ + jj in Fig. 6 in the context of the SM. The latter distribution is particularly interesting to study the applicability of an EFT approach for estimating the impact of new physics in the weak sector. Figure 7 shows dσ/dM T W W for the EW signal process, both in the context of the SM (11)- (14) (14) and Eq. (24) are imposed.
and with an additional dimension-eight operator contribution following the EFT expansion of Eq. (16) . In particular, we set the coefficient f T,0 /Λ 4 = 0.1/TeV 4 , while all other non-SM contributions are assumed to vanish. New-physics contributions characterized by a coefficient of that size would not give rise to experimentally detectable signatures at the 13 TeV LHC. It is thus particularly interesting to see which impact they have on observables at a 100 TeV FCC.
As expected, deviations from the SM mostly occur at high scales. At scales far above M T W W ∼ 2 TeV, a naive implementation of contributions from dimension-eight operators gives rise to an unphysical rise of the distribution. This behavior can be avoided by a form factor suppressing contributions beyond the reach of validity of the EFT expansion. Requiring the VBS cross sections to preserve unitarity at all scales, a suppression factor of the form specified in Eq. (23) with the scale Λ F = 4.7 TeV provides sufficient damping. The actual value of this scale factor has been obtained with the help of the calculator [34] available from [35] .
The impact of other dimension-eight operators on the transverse-mass distribution of the gauge-boson system is less pronounced. To enhance their relative impact on observables, we impose an additional transverse-mass cut of
Such a cut reduces the VBS cross section from σ SM = 49.34 fb in the framework of the SM and σ T,0 = 49.52 fb with the additional EFT contribution of the O T,0 operator with the coefficient and form factor suppression given above to σ cut SM = 0.48 fb and σ cut T,0 = 0.66 fb, respectively. Obviously, the application of a severe cut on the gauge-boson system significantly improves the relative impact of the EFT contribution on the VBS cross section, although clearly the event rate at such high transverse-mass scales is small such that considerable integrated luminosity will be required to achieve a significant signature.
In Fig. 8 the transverse-mass and missing transverse-momentum distributions for our default W + W + jj settings with the additional cut of Eq. (27) [34] .
Clearly, a non-vanishing contribution from the O T,0 operator has the largest impact on each distribution. The operator O M,1 gives rise to slight enhancements in the tails of both considered distributions, while the impact of the O S,1 operator is barely distinguishable from the SM prediction. In the following, we will only consider contributions of the O T,0 operator.
We note that the application of the transverse-mass cut of Eq. (27) in addition to the W + W + jj specific selection cuts of Eqs. (11)- (14) and Eq. (24) changes the cross section contributions of the EW and QCD production modes in the framework of the SM from the values without such a cut to σ requires more energetic incoming quarks, on average. This induces a higher invariant mass of the tagging jet pair and, since the jet p T 's remain of the order m W , the tagging jets also are found at somewhat larger rapidity. This is illustrated for the rapidity distribution of the hardest jet and the rapidity separation of the two tagging jets in Fig. 9 , which are to be compared to the respective distributions without the M T W W cut, shown in Figs. 4 and 3. The slightly higher tagging jet rapidities are also reflected in a larger rapidity separation of the two tagging jets which now peaks around ∆y jj ≈ 8 for the EW mode (as compared to about 6.5 before the transverse-mass cut). A similar trend of larger rapidities occurs for the QCD background. Since the event rates associated with the QCD production mode are very small, however, this does not pose a serious issue for the separation of signal and background in this high-invariant mass regime. Note that excellent forward rapidity coverage of the hadron calorimeters is needed at the FCC in order not to loose a substantial fraction of VBS events in this particularly interesting region of high invariant mass of the vector boson pair.
W +

Zjj
In contrast to the W + W + jj channel that is free of gluon-induced background processes, all other VBS reactions are plagued by large QCD backgrounds that require more powerful cuts on the tagging-jets system than those that have been considered in the W + W + jj mode.
To Figure 9 : Rapidity distribution of the hardest tagging jet (l.h.s) and rapidity separation of the two tagging jets (r.h.s) for the EW-induced (red lines) and QCD-induced (blue lines) contributions to pp → ν e e + ν µ µ + jj, within the selection cuts of Eqs. (11)- (14), (24), and the additional transverse-mass cut of Eq. (27) . (15) severe additional cuts on the tagging jets' invariant mass and rapidity separation need to be applied to significantly reduce the impact of the QCD background. In particular, we require
Indeed, with these customized selection cuts, the VBS cross section is reduced by merely about 40% with respect to the value obtained with basic selection cuts only, while the QCD cross section goes down by a factor of 8.4. As a consequence, one arrives at signal and background cross sections of, respectively, σ S = 5.08 fb and σ B = 2.79 fb, resulting in a S/B ratio of about 1.8. Figure 10 illustrates clearly the different behavior of the dijet system in the W + Zjj mode compared to the W + W + jj channel considered in Figure 3 . While in the W + W + jj channel the VBS contribution exceeds the QCD contribution in the entire plotted range of M jj , in the W + Zjj mode this is the case only in the tail of the distribution. Already at around M jj ∼ 3.5 TeV the QCD contribution starts to dominate and steeply rises towards smaller values of the invariant mass. Even though the pp → e + ν e µ + µ − jj final state contains a neutrino that is invisible to the detector, the invariant-mass distribution of the leptonic decay products, M W Z , can be reconstructed, if kinematic constraints are used to determine the longitudinal component of the neutrino momentum. In the framework of the SM, there exists no particle with appropriate quantum numbers and mass to resonantly produce an on-shell W + Z system. The invariant-mass distribution thus does not exhibit pronounced resonance peaks, but is characterized by a broad continuum, as (11)- (15) (11)- (15) and Eq. (28) are applied.
can be observed in Fig. 11 in the framework of the SM and with an additional dimensioneight operator contribution following the EFT expansion of Eq. (16) . To simulate the latter, we set the coefficient f T,0 /Λ 4 = 0.1/TeV 4 and supply a suppression factor of the form specified in Eq. (23) 
ZZjj
Compared to VBS processes involving W bosons, relatively small event rates are encountered for ZZjj VBS production, in particular in the fully leptonic decay modes. This is partly due to the fact that the electroweak couplings of Z bosons to quarks that occur in the associated VBS production process are smaller than respective couplings involving W bosons. Moreover, the branching ratios of the Z bosons to charged leptons are approximately three times smaller than the branching ratios of the W bosons into ℓν pairs. Nonetheless, ZZjj reactions provide a very clean testbed for VBS processes since the kinematics of the ZZ system is fully reconstructible, if final states with four charged leptons are considered. We will thus focus on the pp → e − e + µ − µ + jj process in the following. We note that, although we simplistically refer to the process under consideration as ZZjj production, QCD and EW production of e − e + µ − µ + jj final states include also Feynman diagrams with the exchange of photons instead of Z-bosons, and respective interference contributions. These diagrams fully have to be taken into account for the computation of meaningful cross sections, in order not to violate electroweak gauge invariance. Potentially divergent contributions involving a γ * → ℓ + ℓ − splitting at very low photon virtuality are removed, however, by the invariant-mass cuts of Eq. (15) . In order to suppress contributions from QCD-induced e − e + µ − µ + jj production, we require
in addition to the basic cuts of Eqs. (11)- (15) . With these cuts we have obtained the cross sections σ S = 2.18 fb and σ B = 0.23 fb for the signal and background processes, respectively, resulting in the S/B ratio of almost 10. For the EW signal process the invariant-mass distribution of the four-lepton system, dσ/dM ZZ , exhibits a rich resonance structure, featuring peaks at m 4ℓ = M ZZ = m Z , and at the Higgs resonance M ZZ ≈ m H , as can be seen in Fig. 12 . Similar to the W + W + jj channel discussed before, we explore the impact of the dimension-eight operator O T,0 on the ZZjj reaction, setting the EFT coefficient f T,0 /Λ 4 = 0.1/TeV 4 , and assuming all other non-SM contributions to be negligible. To warrant unitarity conservation up to the highest scales, we use the form factor of Eq. (23) Figure 12: Invariant-mass distribution of the ZZ system reconstructed from the lepton momenta in two different plot ranges for the process pp → e − e + µ − µ + jj in the framework of the SM (red and blue lines) and including the impact of the dimension-eight operator O T,0 (green line) with the form factor of Eq. (23) . The selection cuts of Eqs. (11)- (15) and Eq. (29) are imposed.
section in the context of the SM and the respective EFT result within the ZZjj-specific selection cuts of Eqs. (11)- (15) and Eq. (29), we find results that are rather similar to each other, σ SM = 2.18 fb and σ EFT = 2.30 fb. As becomes obvious from an inspection of the invariant mass distribution in the TeV range, shown in the right panel of Fig. 12 , differences between the SM and the EFT prediction are most pronounced at high scales. Indeed, by applying an additional selection cut of
the relative difference between the VBS cross section in the context of the SM and the respective EFT result can be significantly enhanced, yielding σ cut SM = 0.11 fb and σ cut EFT = 0.22 fb, i.e. even anomalous couplings substantially smaller than 0.1 TeV −4 can be seen in this channel with 3000 fb −1 . Note that in the high-invariant mass region most sensitive to the EFT operator the impact of the QCD-induced background is negligible.
W
The W + W − jj mode exhibits the largest cross section of all VBS channels. Nonetheless, extracting the VBS signal from the background is particularly challenging in this mode, because in addition to the QCD-induced W + W − jj contribution very large background rates arise from top-quark pair production processes. First, in reactions of the type pp → tt, almost all top quarks decay into W bosons and bottom quarks. The bottom quarks may be misidentified experimentally as light-flavor tagging jets. Together with the decay products of the W bosons, such bottom-jets may give rise to signatures very similar to the VBS signal process. Second, the light jets occurring in tt + jets production processes may mimic the tag jets characteristic of VBS reactions. Because of the large production rates associated with these top-quark induced production processes, they remain a significant source of background even after the application of stringent selection cuts.
For our analysis, we focus on the e + ν e µ −ν µ jj final state. In addition to the QCDinduced pp → e + ν e µ −ν µ jj background, we consider the top-quark pair production process, pp → e + ν e µ −ν µ bb, together with the associated production of a top-quark pair with one and two jets, i.e. pp → e + ν e µ −ν µ bbj and pp → e + ν e µ −ν µ bbjj, where j stands for a light quark or a gluon. All top-quark induced background processes are simulated with the Helac-Dipoles package where all double-, single and non-resonant contributions, interferences and off-shell effects due to the finite width of the top quarks and W bosons are fully incorporated in the matrix element calculations. In case of the top-quark pair production process both massive bottom quarks from top-quark decays are identified as the tagging jets. We will denote this process as tt production. In case of the e + ν e µ −ν µ bbj and e + ν e µ −ν µ bbjj processes various phase-space regions can be studied. First, for e + ν e µ −ν µ bbj we can identify the phase-space region where both bottom quarks are again associated with the two (hardest) tagging jets whereas an additional light quark or gluon is not restricted by any cuts. This configuration is, however, properly described only by nextto-leading-order calculations like the one described, for example, in Ref. [37] . Since we are interested in LO results only we do not consider higher order corrections to the tt production process and discard this configuration. Nevertheless, there is still another distinctly different region of phase space, which can be studied at LO, namely the one where the final state light quark or gluon can give rise to one tagging jet, and one of the two bottom jets is identified as the other tagging jet. We shall call this configuration ttj production. In the next step, we consider e + ν e µ −ν µ bbjj production. Once more we can identify two massive bottom quarks as the two tagging jets and leave additional partons unrestricted. This is, however, a next-to-next-to-leading-order correction to tt production. We can also identify only one bottom quark with one tagging jet and the second tagging jet with a light quark or gluon. This is, however, a part of the next-to-leading-order corrections to our ttj production process, where results from Ref. [38, 39] could be of help. We disregard these cases and keep only the new configuration where the final state light quarks or gluons are the two tagging jets and both bottom quarks are unconstrained. We denote this part of the top-quark background as ttjj. In each case two tagging jets are subject to the cuts of Eqs. (11)- (14) .
Discrimination between jets originating from b-quarks and those emerging from light quarks or gluons can be very helpful to further suppress tt + jets backgrounds in the W + W − jj channel. The top-induced background contributions can be suppressed most efficiently by removing all events that contain an identified bottom jet. To this end a b-tagging jet veto is applied to eliminate any events where at least one of the tagging jets is identified as arising from a b-quark or anti-quark. The procedure can be applied to both the tt and ttj production processes. However, the b-tagging efficiency is not ideal. Since we are not aware of a respective study for future 100 TeV pp colliders we concentrate on related results for the LHC to estimate the impact of the b-jet tagging efficiency on the b-tagging jet veto. To this end we incorporate the CMS analysis of Ref. [40] for our assumptions on b-tagging efficiencies and mis-tagging probabilities. To be more precise,
50 -80 65% 75% 80 -120 70% 80% 120 -170 70% 80% > 170 65% 75% Table 1 : Assumed b-tagging efficiencies as functions of the transverse momentum of the jet for different rapidity ranges (adapted from [36] ).
we assume that the b-tagging efficiency depends on the transverse momentum and rapidity of the respective tagging jet as detailed in Tab. 1. To diminish the top-quark background even further one can make use of the so-called central-jet veto. For the ttj and ttjj backgrounds one or both of the b-quarks are not identified as the tagging jets. They will most frequently lie between the two tagging jets in rapidity, i.e. in the region where we look for the decay products of two gauge bosons. Vetoing events with these additional b jets provides a powerful suppression tool to control the top-quark background. Thus, we reject all events where a b jet with p T,b > 50 GeV is observed in the rapidity gap region between the two tagging jets,
We note that extra jet activity does not require a bottom jet, but merely the rejection of any events with an additional jet. In our leading-order simulation, with leptonic decays of both gauge bosons, this central-jet veto criterion only affects the ttj and ttjj backgrounds. At this perturbative order, the tt production process, the QCD-induced and the VBS-type W + W − jj contributions exhibit at most two hard jets that serve as tagging jets. However, additional jet activity would occur also in these reactions in higher-order calculations that include further parton-emission contributions. Moreover, hadronic decays of one or both gauge bosons would contribute to the multiple production of jets in these processes. It is a well-known feature of VBS processes, however, that in contrast to the case of QCDinduced reactions extra parton emission typically occurs close to or more forward than the tagging jets and thus gives rise to little jet activity in the central-rapidity region [41] [42] [43] [44] [45] . In addition to the basic cuts of Eqs. (11)- (14), the b-tagging jet veto as well as the central-jet-veto of Eq. (31), the process-specific cuts of
are used. The cross sections obtained in this way can be summarized as follows: σ S = 58.27 fb, σ = 505 fb). These numbers yield a S/B ratio of 0.09, which obviously would make an extraction of the signal very difficult. To improve the signal to background ratio we (11)- (14) and Eqs. (31)- (33) .
have thus applied an additional cut on the transverse mass of the final state system reconstructed from the momenta of the charged leptons and the missing transverse momentum due to the neutrinos in the final state according to the definition of Eq. (25), Within this setup, Fig. 13 illustrates the invariant-mass and rapidity distributions of the tagging jets. The signal cross section dominates at high invariant mass, decreasing more slowly than the various background contributions. In the rapidity-separation variable, the VBS signal tends to larger values than the top backgrounds and, in particular, the QCD-induced induced background contributions leaving us with an advantageous S/B ratio due to the dominance of the VBS signal in the remaining regions of phase space.
In analogy to the W + W + jj and ZZjj channels discussed previously, also in the W + W − jj case new-physics effects due to higher-dimensional operators are most pronounced at high scales. (33) . While the remaining fraction of QCD background does not change much with M T W W , the tt (+jets) backgrounds fall precipitously with increasing W + W − transverse mass. This is caused by the high p T of the top quarks which is needed to give the W bosons sufficient transverse mass and concomitant high p T . The higher top-quark transverse momentum results, however, in harder bottom quarks, which increasingly fail the central jet veto cut of p T,b < 50 GeV. One finds, therefore, that the interesting very high transverse mass region has a rather small top-pair background and, thus, is particularly well suited for restricting anomalous quartic couplings at an FCC. 
VBS channel
Summary and conclusions
In this article, we provided a review of VBS processes at a future 100 TeV hadron collider. We discussed how cuts tailored to specific final states can be used to efficiently suppress QCD and top-quark induced background contributions that exhibit entirely different kinematic properties than the signal processes of interest. In order to generically explore the capability of an FCC to identify signatures of new physics in the weak gauge boson sector, we provided representative results obtained in an EFT approach. While they hardly affect SM results at low scales, the considered BSM contributions have particular impact in the high-energy regime, significantly modifying the tails of transverse-momentum and invariant-mass distributions. These kinematic regimes are difficult to access at the LHC that is currently limited to a collider energy of 13 TeV. The possibility of a future 100 TeV hadron collider thus represents entirely new means for exploring new physics in the weak sector.
In Tabs. 2 and 3 we summarise signal and background cross sections for all discussed production modes within the optimized selection cuts we devised. For a representative integrated luminosity of 30 ab −1 we also list various ratios of signal and background event numbers. We first consider the SM EW V V jj production modes as signal and the respective QCD V V jj as well as, in the W + W − jj case, top-induced production modes as background. When we consider the EFT prediction as signal the sum of EW and QCD induced production cross sections is taken as background. In the latter case we restrict ourselves to the scenario with a non-vanishing dimension-eight operator O T,0 which has the largest impact on the considered observables.
Starting from Tab. 3 one can perform a very rough extrapolation to smaller Wilson coefficients of O T,0 : differential cross sections at high scales, for fixed form factor, scale like the square of the Wilson coefficient. The significances in the last column of Tab. 3 then suggest an FCC reach of at least 0.01 TeV −4 for the O T,0 coefficient. This estimate is conservative since higher form factor scales are allowed for smaller anomalous quartic gauge couplings (aQGCs) and, also, more stringent cuts, focusing on even higher m V V regions, will improve sensitivity. Decay distributions of the W and Z bosons can be used to improve sensitivity and to distinguish different dimension 8 operators. Finally, for the very hard weak bosons in the sensitive region of phase space, the analysis of hadronic V = W, Z decays with highly boosted V →jets will enhance sensitivity even further. Similar improvements are expected for other operators describing aQGCs. A realistic sensitivity estimate to aQGCs at an FCC needs to take these improvements into account and, thus, would go significantly beyond the scope of the present analysis.
